The knowledge of bacteria with low or high nucleic acid (LNA or HNA, respectively) content was relatively limited in drinking water distribution systems (DWDSs). In the present study, LNA and HNA bacterial growth characteristics and effect of water physicochemical properties on these two subgroups were analyzed at the branch ends of a DWDS. The results showed that LNA bacteria were in the majority in tap water (67.2% ± 16.6%) and the specific growth rate (0.469 ± 0.022/d) was lower than that of HNA bacteria (1.116 ± 0.195/d). LNA and HNA bacteria showed different responses to water physicochemical properties. The LNA bacteria dominated the microbial community under relatively high conductivity conditions, and the HNA bacteria were predominant in high turbidity or alkalescence environments. The LNA bacteria growth rate was positively correlated to the assimilable organic carbon concentration. In addition, multivariate ordination illustrated that there were clear variances in water quality among outlets, which could result from different pipeline distances and hydraulic conditions.
INTRODUCTION
In China, it was reported that about 69% of drinking water hygienic accidents (e.g. abdominal pain, diarrhea and enteritis) were attributed to biological pollution (Li et al. ) .
Current standard methods of microbial examination of drinking water are based on cultivation, e.g. heterotrophic plate counts (HPCs) and multiple tube-fermentation. However, most of microorganisms in natural environments are viable but non-culturable, and only less than 1% of the microorganisms can be cultivated by HPCs (Wang et al. a) . Meanwhile, conventional methods are not suitable for prompt monitoring of microbial changes in drinking water due to their long examination duration, and may lead to delays in safety management (Besmer et al. ) .
In addition, water quality of end consumers would change during the transport process in drinking water distribution systems (DWDSs) due to the difference of hydraulic retention time and pipeline materials (El-Chakhtoura et al. LNA bacteria, playing a critical role in aquatic ecosystems, are considered to be oligotrophic and dominant in low nutrient environments (Solic et al. ) . Drinking water is a typical oligotrophic environment where the amount of total organic carbon is usually less than 1 mg/L (Lautenschlager et al. ; Kelly et al. ). It was proposed that there may be microenvironments where LNA and HNA bacteria could co-grow in drinking water (Prest et al. ) . Particularly, oligotrophic bacteria may maintain high abundance in drinking water, which would impose a potential threat to human health and safety (Liu et al. a) . Hence, it is necessary to investigate the bacteriology on LNA and HNA features and their difference in DWDSs networks.
Here the LNA and HNA bacteria were analyzed at different outlets from a DWDS where the residual chlorine is no less than 1.4 mg/L in the effluent of drinking water treatment processes. The aims of the present study were:
(1) to analyze the LNA and HNA bacteria content and compare their in-situ co-growth characteristics in branch ends of DWDS; (2) to illustrate the effect of water physicochemical properties on LNA and HNA bacteria.
MATERIALS AND METHODS

Microorganism detection
Drinking water samples were taken from four main outlets of the DWDS in TEDA College (Tianjin, China). It covers a field of 70,000 m 2 and comprises teaching and living districts. Chlorination was used as one of the main disinfection methods in the drinking water process. The residual chlorine is no less than 1.4 mg/L at the beginning of the DWDS. All outlets were supplied from the same water treatment plant and three replicates of 2 L water samples were collected in each outlet at room temperature and the sampling water was analyzed immediately according to the following methods.
Heterotrophic plate counts
The cultivation medium was composed of peptone (10 g/L), beef extract (3 g/L), NaCl (5 g/L) and agar (20 g/L) with pH 7.4 to 7.6. The medium was sterilized at 121 W C for 20 min.
100 μL of water sample was transferred to a petri dish containing 15 mL sterilized medium. The plates were incubated at 37 W C for 48 hour so the colonies can be counted. All measurements were done in triplicate, and three blanks were set as the control.
Multiple tube-fermentation-most probable number measurements
The cultivation medium was composed of peptone (20 g/L),
The medium was sterilized at 121 W C for 20 min. 10 mL of water sample was transferred to a tube containing 10 mL sterilized medium. The samples were incubated at 37 W C for 24 h. All measurements were done with five replicates.
FCM analysis
Staining and flow cytometric measurements were performed following the procedures as described previously (Lautenschlager et al. ) . Each sample water (1 mL) was stained with 10 μL/mL staining solution, a mixture 
Growth characteristics assay
Carbon-free vials were prepared as described previously (Vital et al. ) . Triplicate water samples were incubated at 30 W C for 3 days. LNA and HNA bacterial concentration of the native microbial community were determined before and after incubation by FCM as described above. The specific growth rate (μ) was calculated using the following equation:
where C 0 , C t are the bacterial concentration (cells/mL) measured before and after incubation, and Δt is the time interval (3 d, in the present study).
A simplified version of the AOC assay was adopted to assess microbial regrowth potential (Vital et al. ) . The net growth cell was obtained by converting the AOC concentration using the following equation:
where C 0 , C t are the bacterial concentration (cells/mL) measured before and after incubation.
Physicochemical measurements
Turbidity, chrominance, pH and conductivity were measured using an YSI EC300 Water Quality Sonde, and ammonia nitrogen (NH 3 ), nitrite (NO 2 ), phosphate (PO 4 ) and residual chlorine (RCl) were assayed as described in our previous studies (Ma et al. ) . Heavy metals (Cd, Pb, As and Cr) were measured using inductively coupled plasma mass spectrometry. Standard samples of heavy metal with different concentration gradients were prepared and Milli-Q water was used as the control sample to generate standard curves. Water samples were filtered through a 0.45 μm pore size filter, and directly used to measure the heavy metal concentration. All measurements were done in triplicate.
Data analysis
To illustrate the effect of water physicochemical properties on LNA and HNA bacterial characteristics (including the specific growth rate and proportion of LNA and HNA) and variance of water quality, a multivariate constrained ordination technique (redundancy analysis, RDA) was performed by R statistical software using the package 'Vegan' had a significant increase (P < 0.01) after 3 days' incubation.
In contrast, SSC, which reflects cell size, exhibited no obvious changes (P > 0.1) (Figure 3 ). These findings suggested that microbial community in drinking water could change after long retention time. 
Effect of water physicochemical properties on bacterial community
The physicochemical properties of water samples from different outlets is shown in Table 1 ). Furthermore, it was reported that some readily culturable bacteria may enter a temporarily non-culturable state in response to certain stimuli. FCM has overcome one major obstacle on cultivability in microbiology studies, which has made the observation of unculturable bacteria feasible (Wang et al. a) . Meanwhile, FCM can be used to evaluate the effect of disinfection processes by analyzing the microbial distribution (live and dead bacteria) in drinking water treatment plants (Wang et al. b) .
CONCLUSIONS
In this study, it was found that typical clusters of LNA and HNA bacteria were observed in the branch ends of DWDSs, an LNA bacteria was the predominant community.
LNA and HNA bacteria showed different responses to water physicochemical properties. The LNA bacteria dominated in relatively high heavy metal (Cd, As) or conductivity conditions, and the HNA bacteria were the predominant in high turbidity or alkalescence environments.
The specific growth rate of LNA bacteria was lower than that of HNA in drinking water, and was positively correlated to AOC concentration.
